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DISTRIBUTIONBEHINDA RECTANGULARWING

AT A MACHNUMEEROF2.41

ByD.AdamSon*andWilliamB.Boatright

investigationofthenatureoftheflowfieldbehinda rectan-
gularcircular-arcwiq hasbeenconductedintheLamgleyg-inchsuper-
sonictunnel.Pitot- andstatic-pressuresurveyscoveringa regionof
flowbehindthewinghavebeenmadetogetherwithdetailedpitotsur-

. veysthroughouttheregionof thewake. Inaddition,theflowdirection
hasbeenmeasuredusinga weathercockingvane.

. Theoreticalcalculationsofthevariationofbothdownwashand
sidewashwithangleofattackusingLagerstrom’ssuper~sitionmethod
havebeenmade. Inadditiontheeffectofthewingthicknessonthe
sidewashwiththewingat 0°angleof attackhasbeenevaluated.Near
anangleof attackof 0°,a~eementbetweentheoryandexpertientis
good,particularlyforthedownwashresults,exceptintheplaneof the
wing,inboardofthetip. Inthisregiontheproximityof theshedvor-
texsheetandthedepartureofthespanwisedistributionof vorticity
fromtheorywouldaccountforthedisagreement.Athigheranglesof
attackpredictionof downwashdep?ndsona lmowledgeofthelocationof
thetrailingvortexsheet,inorderthatthedownwashmaybe corrected
foritsdisplacementanddistortion.Thetheoreticallocationof the
trailingvortexsheet,basedonthetheoreticaldownwashvaluesinte-
grateddownstreamfromthewingtrailingedge,is shownto differwidely
fromtheeqerimentalcase.

Thero12ing-upofthetrailingvortexsheetbehindthewingtipis
evidencedby boththewakesurveysandtheflow-anglemeasurements.

*Mr.AdamSonisa memberoftheBritishRoyalAircraftEstablishment.
He wastemporarilyassignedto dutywiththeNACAduringtheperiod. ofthisinvestigation.
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INTRODUCTION

Inordertoassessthestabilitycharacteristicsofanaircraftor
missileconfigurationitisnecesssrythat-thenatureoftheflow”field
existingintheregionof’thetailplanebe Mown. As~~ asthesub--
soniccaseisconcerned,muchattentionhasbeengiven-inthepastto _
thisproblem(e.g.,ref.1) andfortheconventionalsubsonicaircraft
configurationdownwasheffectscanbe predictedwithsufficientaccuracy
to servethepracticalneedsof designers.Forconfigurationsemploying
smallwingspantotailspanratios,as istheusualc5seforsu~ersonic
missileconfigurations,thedownwashproblem”:isnot..so.fullydeveloped.
Itisonlyfairlyrecentlythatresearchinvestigationsinthisimpor-
tantfieldhavebeenundertakenwithanyde~-eeof’thoroughness.

Theapplicationoflinetiizedtheoryto%heprobl<rnofpredicting
thedownwashfieldexistingbehindwingsof variousshapeshasbeen
studiedby LagerstromandGraham(refs.2 and-s)usingthemethodof
superposition,byMirelsandHaefeli(ref.4)usinga s~rfaceofpoten-.
tialdiscontinuity,representedby a distributionofvorticesoverthe
vortexsheet,andb-yLomaxtid”Sluder(ref.5)usingthediscontinuity
asrepresentedby!adistributionof doublets. —

Inaddition,severalexperimentalinvestigationso.fthedownwash‘“”
fieldbehindliftingsurfacesina supersonic-flowhave_beenmadewfth@
thepastyear. Inreference6 a somewhatindirectapproachismadeto _
theproblem,theaveragedownwashovera tailsurfacebeingmeasuredby
forcetestsofa variableconfigurationofa“%ody,wti, andtail. In
references7 and8,directmeasurementsat a.Machnumberof1.53of“the
downwashangleoft~eflowhavebeenmadeata limitednumberofloca-
tionsbehinda rectangularwingandbehinda triengglarwing. In addi-
tiona surveyofthepitotpressureacrossthewakeof_thetwowings
wasmade. A similarinvestigationoftheflowintheregionofthetip-”-
of a trapezoidalwingat a Machnumber1.91wasm&deIn”reference9.

Exceptf= thesefewstudies,experimentaldata’pertinentto the
problemareverylimited.”Theprimarypurposein.undertakingthepresent
investigationwasto supplementtheavailable-experimentaldata.For ‘
thisinvestigationa numberofmeasurementsofboththedownwashand
sidewashcomponentsoftheflowanglehavebeenmadeintheLangley”
g-inchsupersonictunnelforlocations,inthe.planeofthewingsndin
planesaboveandbelowtheplaneofthewing._Thiswasaccomplishedby
usinga floati.~vanethatwouldweathercock..inthestrgaminthedirec=
tionof thelocalflowangle.Inaddition,pftot-press.uremeasurements.
throughouttheregionoftheviscouswakeandstatic-andpitot-pressure
measurementsfora regioncoveringthegeneralflowfieldbehindthe
wingweremade. Thesetestsweresllconductedata st>eamMachnunlber_,
of2.41anda Reynoldsnumberof 6@,000. - m..
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.

Thesecondaimof thisinvestigationisto compsrethetheoretical
evaluationof theflowfieldwiththeexperimentaldataandexaninethe

. regionsofvalidityoflinearizedtheory.Inorderto calculatethese
theoreticalresultsthesuperpositionmethodof reference2 hasbeen
used. Theseresultshavebeenextendedto calculatetheflowdirection
inplanesaboveandbelowtheplaneofthewing. Theeffectof the
wingthicknessonthevaluesof sidewashanddownwashincausinga
departurefromtheresultsof thetheorypresentedby reference2 is
shownanddiscussed.A comparisonof themeasuredwakecharacteristics
withthoseof a subsonicflowis includedandan attemptto showthe
effectofthewakeon thedownwashfieldhasbeenmade.

SYMBOLS

A wingaspectratio

a wingangleof attack,degrees
.

●

UB angleofattackofvaneaboutitsaxis,whenitsaxisis.
inclinedinrollsuchthatthebottommirrorofthevaneis
vertical,degrees

d
‘WC” angleof attackofvaneaboutitssxis,whenitssxisis

inclinedinrollsuchthatthetopmirrorof thevaneis
vertical,degrees

b wingspan,inches

c wingchord,”inches

. G downwashangle,degrees

M Machnumberofflow

1

“G
PI streamstaticpressure,inchesofmercury

Ha tunnelstagnationpressure(measuredin settlingchamberof
tunnel),inchesofmercury

. %2 pitotpressureasmeasuredby a total-pressuretube(uncorrected
forthenormalshockat noseof tube)

o

.
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Reynoldsnumber(basedonwingchord)

wingarea,squsreinches —,’

sidewashangle,degrees ,. ——

angleof inclinationofvaneaxisinroll,degrees

wingthickness,inches =,

perturbationvelocitycomponentsofflowalonQhe x-axis,
feetpersecond

perturbationvelocitycomponentsof flowalongthey-exis,
feetpersecond —

perturbationvelocitycomponentsofflowalong“thez-axis,
feetpersecond

free-streamvelocity,feetpersecond ●.

longitudinalcoordinate

lateralcoordinate

verticalcoordinate

APPARATUS

‘Test

.,

ANDTESTMETHODS. -

Apparatus

,— - !,

●

.
—.

.-
b“

. ...-

Windtunnel.-AlltestsweremadeintheLangley9=inchsupersonic
tunnel,whichisa continuous-operation,closed-circuittypeinwhich. ‘-
thestreampressure,temperature,andhumidityconditionscanbe control-
ledsndregulated.DifferenttestMach”numbe7sarepro-vialedby inter-
changingnozzleblockswhichformtestsectionsapproximately9 inches
square.Throughoutthepresentteststhemoisturecont~ntinthetun-
nelwaskeptsufficientlylowsothattheeffectsof condensationin
thesupersonicnozzlewerenegligible.

Wingmodelandbo~dary-layerb~ass plate.-Themeasurementsof
theflowfieldweremadebehinda rectangular,semispanwing”of .“... .. ... .“:

.

.
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circular-arcsection.Thegeometriccharacteristicsof thewingare
as follows:

Semispa,inches.. . . . . . . . . . . . . . . . . . . . . . . .3.50
Aspectratio(completewing,includingimage). . . . . . . . . . 2.3:
Thiclmess,percent.. . . , . . .: . . . . . . . . . . . . . . .
Chord,inches. . . . . . . . . . . . . . . . . . . . . . . . . .2.98

Thesemispanwingwasmountedon a bmmlary-layerbypassplateso
thatboundsry-layerinterferenceeffectswerereducedto a minimum.
Theboundary-layerbypassplateusedinthesetestsis showntifig-.
ures1, 2, and3. Ithada semiapexangleof 32°andwasbeveledon its
undersideto an angleof 4.6°normalto theleadingedge. Thusits
leadingedgewassupersonicandthetipsof theplateshouldnotaffect
anyof thepointswheretestdataweretaken.Thesideoftheboundary-
layerbypassplatetowardthewingwasflatandparallelto thetunnel
walloveritsentireareatowithin0.005inch.

Thewingandthespindleonwhichitwasmountedwereof one-piece
solid-steelconstruction.Adjacentto thewingroot,thespindlewas
3/4inchindismetersadpassedthroughtheholeof thissizedrilled
andreamedintheboundary-layerbypassplate.Betweenthebypass
plateandthetunnelwallthespindlehada~-inchchordanda ~-inch-
thickdiamond-shapedcrosssection.Theportionofthespindlepiercing
thetunnelsidewallsmdprojectingbeyondwasa ~-inch-diametershaft.
To theportionof thespindleprojectionbeyondthesidewalla sector
platewasclamped.Thiswasusedforsettingtheangleofattackof
thewingby placinga clinometeron it-sedge. Thezeroreferenceangle
wasobtainedby alinementofa carefullyscribedmean-chordlineon the
tipcrosssectionwiththehorizontalcenterlineof thetunnelby
usinga cathetometer.

Pressuresurveyrakes.-Pitotandstaticpressureswerefirst
measuredwitha rake,consistingoffivepitot-st&ictubes,each
0.090inchindismeter.Thestaticorificeswerelocated~.5inches
rearwardof thenoseof thetube. Somedoubtexistedasto thedepend-
abilityofthestatic-pressuremeasurementsmadewitha tubesolargein
relationtomodelsize;consequently,a secondfive-prongrakecon-
sistingofO.OkO-inch-diametertubes,eachventedwithfourO.010-inch- ‘
diameterorificesat a distance3/8inchbehinda-shsrpogivslnose,
wasalsousedtomeasurethestaticpressures.Thestaticpressures
obtainedby usingthissmallrakecheckedcloselythoseobtainedby
usingthelargerake,withtheexceptionof theentirespanwisesetof

. measurementsmade1/2chordto therearofthewingtrailingedgeand
0.363chordabovetheplaneofthewing. The.disagreementinthestatic -
pressuresforthissetof”pointsresultedfromonetubeon thesmall

.
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rakeat thisstationbeingfaulty.Rulingoutthesefaultymeasurements,
90percentofallremainingmeasurementsagreedwithin+2percentandof
theother10percentnonedifferedby morethan6 percent.Thestatic-
pressureandMachnumberdatapresentedinthisreportwe thoseobtained
by.usingthe0.040-inch-dismetertubeswiththeexceptionofthosefaulty
pointsreferre~toaboveforwhichthedataof the0.090-inch-diameter
tubeweresubstituted.Thetestsetupis sho_yninfigur>1.

Thepitot-pressuredistributionthroughouttheviscouswakebehind.,
thewingwasmeasuredwitha rakeof7 tubeseachofO.OhO-inchoutside
dismeter(fig.2). Theseventubesinthisrakewerespaced1/4inch

. apart.Forthisspacing,thereshouldbe nomutualinterferencebetween
thetubes.Thefrontportionoftherake,onwhichthe_tubeswere .
mounted,waslinkedtotherearportionwithflexplates-insucha man-
nerthatthetubescouldbe traversedup or dointhe1/8inchnecessary.
fora completemeasurementoftheyressuresverticallythroughoutthe
wake.,Cablesattachedtothebellcranks(fig.2) actuatedthesystem
sothatthetraversemight,bemadewhilethetunnelwas-running.

Thepresenceof steeppressuregradientsinthewakeencountered
inprelimharytestrunsinwhichthe0.040-inch-diametertubingwas
usedsuggestedthatthelargetubingmightnotyielda truelocalpres-
sure;consequently,a smallerrakeof O.010-inch-outside-diametertubes
JJI.6inchapartwasattachedto thelargerrakeandQ c@ck test.was __
madethroughthewakeatthestation1/2chordtorearofthetrailing
edge.and0.571~fromthewingroot.At thispoint,themeasurements

2
of thepressuresthroughthepeakcheckwithin.O.7pe”rcegt.Sincethis
checkwasmadeclosestto thetrailingedgewherethepressurepesk
throughthewakeis sharpest;itisbelievedthatthedatapertaining
tothepressuresinthewakearereliable. =

Floatingvaneusedformeasurementofflowdirection.-Forthe
measurementsofthestreamanglethroughouttheflow.fie.ld,a vanethat
wouldweathercockinthestreamwasused. A photographoftheentire
installationisgiveninfigure3 anda detailedsketchof.thevane ~
itselfinfigure4.

Inordertokeeptheaerozic centerofpressure”of thevaneas
farbehinditsaxisaspossibleandstillhav&itmassbalancedabout
thisaxisthevanewasfabricatedfromdifferentmaterials.Thefore-
coneandcentralpartwereof stainlesssteel,theafterconeofmagne-
sium,andtheflattriangularwingportionwasmadefrom_.O.O1O-inch-
thickaluminum.Thestainless-steelcentralportionwasor squarecross-
sectionwithitsfacesinclinedat ~5°tothevanepivot-axisandeach
facewaspolishedtoa mirrorfinish.Thesxisaboutwhichthisvane
wasfreetopivotwascontainedina verticalplaneper@ndiculartothe
free-streamflowsmdwasfirstinclinedinroll45°frorn:theverticalin
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onedirectionthen45°inrollintheoppositedirectionfromthever-
tical.Thisorientationof theaxiswasactuatedwhilethetunnelwas

● inoperationbymeansoftwocables,whichwereledoutthrougha hole
inthetunnelsidewall. Ry pullingoneor theotherof thesecables
thevaneyokewasrotatedineitherdirectionagainsta stop.Whenthe
vaaespindlewasorientedat 45°tothehorizontal,therewasalways
oneof thefourmirroredsurfacesvertical.A li@ltSOWCe giving
approximatelyparallellightwaslocated80 inchesfromthevane. The
incidentlightpassedthrougha glasswindowinthetunnelsidewall
andwasreflectedfromthemirroredfaceintoa ruledgridwhichhad
beensetup outsidethetunnel.Thepositionof thereflectedlight
spoton theruledgriddeterminedthedeflectionof theflowinthe
planeperpendiculartothevanespindle.Whenthishadbeendonewith
thevane.axis45°oneway,theprocedurewasrepeatedwiththevane
axisreorientedto 45°theotherway. Thedownwashandsidewashcould
thenbe obtainedfromthesetwomeasurements.

To facilitatetheconversionofthemeasurementsof coordinatesof
thelightspotto valuesof angulardisplacementof thevane,charts
werepreparedas describedinappendixA. Inorderthata singleseries
of calibrationcurvesmightbe usedinthereductionof thetestdata
itwasnecessarythatthedistancebetweenthevaneandthereference
grid,towhichthelightsourcewasrigidlyattached,remainunchanged
throughouttheentiretests.Thisnecessitatedmovingthegridwhenever
a changewasmadeinthespanwiseor chordwiselocationof thevane.
Forthepurposeoffacilitatingtheseadjustments,on thetopof the
tableonwhichthereferencegridwassupportedtherewasmappeda plan
viewofthetunneltestsection.Inthiswaythemovementofthegrid
correspondingto eachmovementofthevanewithintheworkingsection
couldbemaderapidly.

Inordertoattaintherequireddegreeofaccuracyinthemeasure-
mentof thedirectionof theflowby usinga vane,itwasnecessary
thattherelativelocationof thevanelightsourceandgraduatedscale
be knownwithexactness.Thisdemandedthatcarebe exercisedin set-
tingup theapparatus.Itwasalsonecessaryto knowtheorientation
of thenormalstothemirrorsurfacesofthevanerelativeto thevane
axisof rotation.Themethodofmakingthesemeasurementsisdescribed
inappendixA.

TestProcedure

Surveys.-Forrunningthepressuresurveyswiththefive-tuberake,
theprocedurewasto setthewingangleof attack,then,by slidingthe

. shaftthroughthetunnelthespanwisepositionof therakewasvaried
in~-inchincrementsfrom1/2inchfromtherootto 2 inchesbeyondthe
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tip.
each

Thepressuresatthefiveverticsllocationswere-readoffat
.
—

spanwiseposition.Withoutstoppingthetunnel,thewingangleof.” .:
attackwasadjustedtoa newvalueandtheprocedurere~eated.When
spanwisetraversesat thefouxanglesofattackwerecom~letedyitwas _.
necessaryto stopthetunnelinorderthattherakemightbemovedto a
newchordwiselocation.Measurementsof stafitionpressureandstatic
pressurewerethusobtainedforfiveverticallocations,tenspanwise
stations,andforwinganglesofattackof00,,3°)6°ad 10°at chord-
wisestationsfro%1/2chordto 3 chordsto therearof.thewing
trailingedgein&chordincrements.

-.

Explorationofwake.-Thewakesurveywasconductedina shnilar
manner,exceptthatat,eachspanwisestation“avertical-traverseof the“-”

.——

wakewasmade. Special.attentionwasgiventothis~ert-icaltraverse
inorderto coveradequatelytheregionofminimumpressuresinthewake”
andto geta numberoftestpointsat eachedgeofthewake. Thever-
ticallocationofthecentertubeintheseven-tuberakewasmeasured
witha cathetometerforeachsetofreadingsandthelocationofeach
of theseventubeswasknownfrommeasurementsofthetubespacingmade‘-
beforeeachtest. Datadefiningthewakewereobtainedatthesameten
spanwisestationsandthesamefouranglesofattackas._thepitot-static
surveybutat onlythreeofthechordwiselocations,thatis}at. -1
1/2chord,l= chords,and2: chordsdownstreamofthe@ng trailing.-. —.
edge.

Measurementofflowangles.-Inmakingmeasurementsofflowangle
itwas foundexpedienttoadoptthefollowingtestprocedurewith””the~”.

—,

vanelocatedat anyspanwisestation}thewinga@e of.+ttackwas
adjustedto eachofthefouranglesofattack.int.mn. Thisadjustment--
towingangle-ofattackwasmadeby rotating.thesector.attachedtothe.
wingspindleuntila holeinthesectorwasbroughtoppositea hole
drilledinthetunnelwallandinsertinga pigto hold>t inposition.
At eachangleofattackthex- andy-coordinatesofthe-lightspoto.f
thebesmreflectedfromthevanewerenotedwiththevaneyokerolled,“
firstagainstonestopthenagainsttheother.Afterthiswasdonefor
thefourwinganglesof attack,thespanwisepositions~f thevaneand,..
ofthegridwerechangedandthe,processrepe.gted.Followingeachspan-
wisemovementofthevane,a checkwasmadeus~g thecathetometerto
ensurethatthevsaeaxisofrotationrematiedina verticalplanewith
thevanerolledagainsteitherstop. .- .

Thetunnelhadtobe’stoppedto changeeitherthec.hordwiseorthe
verticalpositionofthevane. Ar@e dataweretakenf~rthesameten
spanwisestationsandthelsemefourwinganglesofatt.agkas inthecase
of thepressuresurveysbutonlyfortheverticallocationsonthetun-
nelcenterlineand0.363chordaboveand0.3~3chordbelowthetunnel__..

.
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.
centerlineandforchordwiselocationsof1/2chord,1* chords,and

2+ chordsbehindthewingtrailingedge.

PRECISIONOF DATA

Thedatatobe presentedconsistof (a)static-andpitot-pressure
measurementsthroughoutthegeneralflowfieldbehindthewing,(b)
detailedmeasurementsofpitotpressurethroughouttheregionofthe
viscouswake,snd(c)measurementsof thedirectionoftheflowthrough-
outthegeneralflowfield.Theerrorsassociatedwitheachof these
threecategoriesofmeasurementsarediscussedbelow:

Static-andtotal-pressuremeasurementsof generalflowfield.-
Theerrorsintidvedh measurementsofpressuresinthegeneralflow
fieldbehindthewingaretraceableto threesources:

First,itisknowhfrompastexperiencethattheerrorinvolvedin
readingtheheightsofthemercurymanometermaymakethestaticpres-
surein doubtbyAO.5percentandthestagnationpressuresindoubtby
+0.06percent.SincetheMachnumberwasdeterndnedby theratioof

● ’ thesepressures,a cumulativeerrorcouldintroduceanerrorinfree-
streamMachnumberof+0.006.

Second,inthepresenceof largepressuregradientsintheflow,
theerrordueto thefinitesizeof saypressure-measuringdevicemight
be appreciable.Forthestatic-pressuremeasurements,wherethiseffect
wouldbemostnoticeable,thetestswiththetwodifferenttubedimne-
tersshouldindicatetheorderofmagnitudeoftheerrorsdueto this
sourceof inaccuracy.Inthesectionentitled“ApparatusandTest
Methods”theinconsistenciesinthestatic-pressuremeasurementswith
thetwosizesoftubearepointedout.

A thirdsourceof errormightresultfromthe’tubetsbeingoutof
alinementwith.localstresmdirection.Previousexperiencehasshown
thata pitottubeis insensitiveto variatiorisinalinementoftheflow
withrespectto thetubeto asmuchas 7°,themaximumdeflection
encounteredinthesetests;however,sinceno reliabledataexistedas
to theerrors,duetomisalinementof tubes,tobe expectedinmaking
staticmeasurements,a separateseriesof testswasrunto obtainsuch
data.Forthispurposeeachtubeofthefive-tuberakewasrotated
aboutitsaxisby amountsvaryingbetween0°and45°. Therakewasthen

. placedintheemptytunnelandstatic-pressuremeasurementstakenwith.
therakeinclinedat varioussx@es to thetunnelaxis. Theresultsare
presentedinfigure5 intheformofplotsof Ap/~ againsta for

.
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variousanglesofroll. It is seenfromthisfiguret@t thecorrec-~
tionisnegligible-uptoflowanglesof~”, irrespectiveoflocationof
thefourorificesequallyspaced”aroundtheperiphery.At thosepoints
wheremeasurementof sidewashanddownwashexceeded3°,theangleof
theflowwithrespectto thetube(ortunnelaxis)was-computedinpolti
coordinatesandappropriatecorrectionsapplied.Sinceinmostp~ts
ofthedownwashfieldtheflowanglewaslessthanthis,mostofthe
pressuredatadidnotneedtobe corrected,.Atstations0.726chord
aboveandbelowthetunnelcenterline,nomeasurementsweremadeof
downwashor sidewashandcorrectionsto thestaticpressurescouldnot
be applied.However,it”isprobablethatintheseplanesonlythedata”
forthestation1/2chordto,therearof thetrailingqdgewould
requireqmycorrection,becausetheangleof~.theflowa.tthel:-andL
~-chordstationswas,probablylessthan3°.
2

Measurementsofpitotpressureacrosswake.-Thepitot-pressure
readingsmadewhensurveyingthewakewere,of co~se,@f thessmeorder
ofaccuracyasthepitot-jressure.readingsof thegene~alsurvey.For
thewakesurvey,themostcriticalsourceoferrorwasthemeasurement
ofthelocationofthepointwherethepress~ewasbeihgread-with
respecttothewing. A cathetometerwitha verticalscale,which,by
meansofa vernier,couldbereadto 0.001inch,wasusedforallmeas-
urementsof locationofthetestpoints.Itisbelievedthattheloca-
tionsofthepressurereadingsinthewakearecorrectasplottedwith
respecttothewingtowithin+0.003inch.Thesmoothnessof thecurves
ofthemeasurementofthepitotpressuresacrossthewakeandtheexcel-
lentcheckthatwasobtainedwiththesmallO.010-inch-dismeter-tube
rakeseemtobearthisout.

Measurementsofflowdirection.-Themeasurements’gfflowangle
withthevaneweresubjectto fourmainsourcesoferror:(1)a pos-
sibleerrordueto frictionoftheconicalpfvotsofthevaneshaftIn
thepivotholesoftheyoke,(2)a possibleerrorinth~angularmess-,..
urementofnormalstothepolishedflatsof thevanerelativetothe
vaneaxis,(3)a possibleerrordueto thepl~e contafiingthe=6s of.
rotationofthevaneinitstwopositionsnotnormalto-thefreestream,
smd(4)a possibleerrordueto thefinites~ieofthe~ whichmight
influencetheresultsinregionsoflargepressureor s&le gradients.
Since1° ofvanerotationresultedina movementof thelightspotof
about2 inchesanyreadingerrorwas.negligible.!l?hese~,eourcesoferrc)f
arediscussedseparatelyinthefollowingparagra@s.“~

Thefirstsourceoferrorconsideredi.e.,errorduetopivot
ifriction)wascalculatedtobe about+0.05. Thisinitselfwouldbe

reducedby anyvibrationwhichisalwayspre$e”ntinthe-tunnel.
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.
Thesecondsourceof error,(i.e.,theaccuracyof themeasurement

of theangleof thenormalstothepolishedflatsof thevanebody)was
. a functionof theaccuracyof eachstepinthesemeasurements.The

accuracyinvolvedineachstepof thecalibrationhasbeenassessedand,
by usingthetheoremof leastsquares,it isestimatedthatthemeasure-
mentof theangleofthereflectedlightbeamfromanyflatwascorrect
towithin+0.0~ inthehorizontalplaneand+0.03°inthevertical
plane.Checkingby repeatingthemeasuringprocedureseemedtobear
outtheseestimates.

Thethirdsourceoferrorcouldarisefromthevaneaxisnotbeing
normalto thestresmin itstworolledpositions.Itwascheckedwhile
testingbymeansof a cathetometerandit isbelievedtheprecisionof
thiswaskeptto +0.05°.

Thefourthsourceof errorwouldcausethevaneto indicatean
averagevalue.oftheangularityoftheflowoveritsfiniteareainstead
ofthepointvaluewhichispresentedintheresults.Thepointon the
vaneusedasreferenceinplottingtheresultsaspointlocationswas
thepointwherethevanespindleintersectedthecenterlineof thevane
fuselage.Thevanewasconstmctedas smallas waspracticalinorder. tomintiizetheeffectof itsfinitesize;theexcellentcheckbetween
theoryandexpertientforthedownwashresultsjustoutboardof thetip,
wherea largegradientinflowangularityexists,suggeststhatany”.
errorsdueto thefinitesizeofthevaneweresmall.A largepressure
gradientovertheareaofthevanewouldservetoweighttheanglegra-
dientexistingovertheareaof thevanein sucha mannerthatitwould
lndic~tea differentaverageangleofflowthantheaverageangleit
wouldindicateina uniformpressure.Forthisreasontheresultsfor
locationsintheviscouswakemightbe expectedtohe slightlymorein
errorthanresultselsewhereintheflowfield.

Usingthetheoryofleastsquaresit isbelievedthattheover-all
precisionofthemeasurementof theangleoftheflowisfO.lO,although
theinaccuracy~y be

Test-Point

Thelocationsof.

—
slightlymoreinthewake.

RKXJLTSANDDISCUSSION

LocationswithRespectto Trailing-Edge

ShocksandTipMachCones

thetestpointsatwhichstaticandpitotpressure
weremeasuredareshownin sideviewinfigure6 andin”planviewin
figure7 inrelationto thewing-andto thediscontinuitiesexistingin
thefieldof flowbehindthewing. Khowledgeof thelocationsof these*
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discontinuitiesisof greatvalueinanalyzingthedownwashandside-
washdata. ‘Thetrailing-edgeshockwavesshowninfigure6 arecopies
ofthe shadowsoftheseshockdisturbanceson thebypassplateobtained
whenparallelMght, normaltothesurfaceOY theplat”e:,isprojected
throughthetestsection.Themeasuredinclinationof theshockwaves
checkedcloselywiththecalculatedvalues.However,atboth a = 0°,
andmoreparticularlyat a . 10°,thetrailing-edgeshockwavesdonot
originateatthetrailingedge. At thehigheranglethelaminsrsepara-
tionatthetrailingedgeandtheresultingoverexpansionof theflow
fromthehigh-pressuresideof thewingleadingto theshockwavedown-
streamof thetrailingedgearediscussedir.detailir.reference10.
Thestrengthof thisshockwavewhicharisesonlyfrom-viscosityofthe
flowis comparablewiththatoftheexpectednonviscousshockat the
trailingedgefromtheuppersurface.

Theboundariesortheregionsof thetipeffectss%own-inplan ““””
viewinfigure,7 arenotas accurateasarethoseinthesideviewof
figure6 sincetheirlocationswerenotvisibletoan o%serverandwere
notmeasureddirectly.On thewingsurface-theirlocationwasplotted
by usingtheMachg.un%erdistributionasobtainedfromsectiontheory.
ReferenceU. showsthattheexperimentallocationsco~ormcloselyto
thosepredictedby thismethod.Downstreamofthetrailingedgethe
experimentalvaluesofMachnumber,whichwerelmowmat streamwisesta-
tions1/2chordapart,wereusedin constructingthet~yMachcones;
Thistypeof constructionwouldthusrepresenttheforwardlimitofthe
disturbancesfromthetip. In@anes abovegg.belowthehorizontal _
planethroughthewingtrailingedge,it isknownthattheboundaries
areapproximatelyhyperbolic(theywould%e &actlyhyperbolicifthe
Machconewererightcircularinform).Thenoseof this~erbola was
obtainedby revolvingthetraceof thetrailing-edgeshocks,(as
obtainedfromtheshadowgraphsketchoffig.6) aboutt-beconeaxis
intotheplaneof thetestpoints.Wherethelegsofihehyperbola
becomealmoststraightlines,themethodpreviouslydes-cribed(basedon
&ch numbermeasurements)canbe usedto extebd”theboundaries.The
principaluncertaintiesinvolvedintheapplicationof~thismethodof
constructionlieintheconstructionof thenoseportionof thehyper-
bolaandforthisreasontheseportionsof theboundsry’areshowndotted
infigure7(a).However,sincethenoseportionof the.hyperbolais
relativelymall, theerrorsintroducedarecorrespondi&lysmalland
theap~roximateboundariesas drawninfigure7 arebelievedquite
adequatefortracingdiscontinuitiesexistinginsidewashanddownwash
datatotheirsource.

Resultsobtainedwithwinga%sent.-Measurementsof staticand
pitotpressuresmadeat thestationsdefinedaboveindicatedthatthere
& anlya slightdeprturefromuniformitythroughouttheregionofflow
investigated,andthatJtherefore,as faraspessuredistributionis
concerned,thepresenceoftheboundary-layerplatedoe~”nut,to any
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significantextent,destroytheuniformityofflow. Withintheregion
investigated,theMachnumberwasfoundtobe 2.41withinlimits
Of+O.O1ONo measurementsoftheflowangleweremadewith”thewing
absent;however,indicationsfrompreviousexperimentswheretheflow
anglewasmeasuredata limitednumberofpointsarethatthedeviations
oftheflowfromthealinementwiththetunnelhorizontalcenterline
aresmall.

Resultsobtainedwithwingpresent.-Plotsof thestaticpressure
againsteachverticallocationof thetestpointareshownforall
anglesof attackandtest-pointlocationsinfigure8. Theexperimental
pointshavebeenjoinedwithstraightlinesonlyto assistindistin-
guishingthepointsappropriatetothevariouswinganglesof attack.
Actuallythepresenceof shocksgivesriseto finitediscontinuitiesin
static-pressuredistribution.

Withinthestrictlytwo-dimensionalregionofflow,thestatic
pressuresasmeasuredconformcloselyto thetheoreticalvalues.
Whereverdiscontinuitiesdo occurtheycanbe tracedto thepresenceof
shockwaveseitheremanatingfromthewingorreflectedfromthe
boundary-layerbypassplateortunnelwalls.Thereflectionsofthe
disturbancesdueto thewingfromthebypassplatecorrespondto an
oppositewingor total-spancondition.b thoseinstanceswherethe
centertubeof thefive-tuberakefallstithinthewakeboundaries,it
isfoundthatformostofthedatathepressureasrecordedby thistube
doesnotdiffermarkedlyfromthepressureasreadoffthetwotubes
adjacenttothecente”rtube. Thisimpliesthatthestaticpressureis
fairlyconstantoverthewakethickness.(Anobservationinthiscon-
nectionismadeinthenextsection.)

Inadditionto thestatic-pressuremeasurements,measurementsof
pitotpressureweremadeat thesamelocationsandforthesamewing
angle-of-attackconditionsas forthestaticpressures.By usingthese
data,theMachnumberhasbeenevaluatedandplottedinfigure9 ina
similarmannerandforthesamelocationsasforplotsof thestatic
pressuresjustdescribed.

Wake

Themeasuredpitotpressuresacrossthewake
againstverticaldistanceinfigure10. Owing.to
acrossthemouthofthemeasuringtubestheseare

havebeenplotted-
thepresenceof shocks
notthetruestagna-

tionpressures.Plottedinthismanner(i.e.,uncorrectedforthe–shock
atthenoseofthetubes)thelsrgejumpsinthecurvesaboveandbelow.
thewakeat thestation1/2chordbehindthetrailingedgeclearly
definetheverticallocationof thetrailing-edgeshocks.Figure11

● showsthesamecurvesofpressureratioagainstverticallocation
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presentedinan oblique.yiew.Thislatterf&ure enablesa better ..
visualizationof thepitotpressuresthroug@~tthewholeWke tobe

.
,.—

obtained. s“-

Infigure12 aremappedthelocations.of-thewakeboundariesand
thewakecenterlineinrelationto thewingforeachofthefourtest‘- .- .:
valuesof a. Forthepurposesofthefigure,it issufficientlyaccu-
rateto definewakewidthasthedistancebetweenthosepointsonboth
sidesofthewakeatwhichthetotal-headdeficiencybecomesconstant.
Inthoseregionswheretheincompletenessofthewaketraverselntro-
ducedratherlargeuncertaintiesintheestimationof thewakebound-
ariesa dashedlinewasusedin$igure12 totracetheboundary.

Therolling-upof thetrailingvortexsheetmanifegtsitselfon —

thewakepressuresas canbe observedby thedoublepeaksinthewake ..;=
pitotprofilesat stationsdownstreamofthe,tip.The&i,stancebehind
a winginwhichthevortexsheetbecomesessentiallyrolled-upisa

.... .

functionofwingliftcoefficientandaspectratioaswasrecently
pointedoutinreference12. As a qualitativecheckonthesecalcula-
tionsitcanbe seentlnatat a =

-—
6° doublepeaksarediscerniblein.

figures10 and11 onlyat thestation2* chordsbehindthetrailing —a.

edge;whereasat a = 100,doublepeaksareclearlydefinedatboththe
1’1-- and2—-chordstationsdownstreamof thetrailingedge.12 2

*. —

Comparisonofwakecharacteristicsin subsonicandsupersonicflow.-
Inreference1, Itis shownthatthegrowthinthicknessofthewake.of
a wingin subsonicflowfol.low~a parabolicshapeclosely,tifigure13
a comparisonbetweenthegrowthinwakethicknessforsubsonicandsuper-
sonicflowsindicatesthatthegrowthinwakethicknessis ofa different
nature.Ingeneral,it canbe seenthatthegrowthofwakethicknessis...
almostlinearfromthetrailingedgetol; chordsbehindthewing

trailingedgeandthatitgrowsmorerapidlyinthesupersoniccasethan
inthesubsoniccase;however,thishighrateofgrowth-fallsoff
rapidlyandat somedistancedownstreambecomeslessthanthatinthe
subsonicflaw. Thewakethicknessat thetraili~”edge_shownInthis
figurewasobtainedfroma shadowgraph.A comparisonisalsomadein
figurd13of therateof recoveryofthetotal-pressuredeficiencywith--
distsacedownstreaminthesubsonicandsupersonicflows”.

—

—— —

-----.—

Forthepurposeof.thiscomparison++hepitot-press~emeasurements _. —

inthewakewerecorrectedforthepresenceof shockwavesat themouth
ofthemeasuringtubes.

. .:
Thesecorrectionswereapplied”byassumingthe‘“

staticpressuresacrosstheentirewakewidthtobe conSta@andequal
*-

to thosemeasuredby the0.04-inch-diameterstaticneedleofthegeneral
surveybehindthewing.Usingthisassumptionthedataj.ndicateda gain .
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.
intotalpressureat theedgeofthewakeof the

. 1forthe~-chordstationandofabout1/2percent
.

15

orderof 4*percent.

forthel;-and

2~-chordstations.Theassumptionof constsntstaticpressureacross

thewakeis thereforeprobablyslightlyinerror.

Effectofwakeon downwa”shfield.-Ina discussionofthewake,not
onlyitslocation,size,andthepressuregradientswithinitareof
importancebutalsoitseffecton thedownwashfield.Thislattereffect
cannotbe accuratelyassessedfromthedataofthisexperiment;however,
withthewingat 0° angleofattack,downwashsnglesup to -1.1° were
measuredinthehorizontalplane0.363chordaboveand0.8°inthe-plane
0.363chordbelowtheplaneof thewing. Thesesizablevaluesof down-
washareattributableto threecauses:(1)theeffectof thewakeon
thedownwashfield,(2)thefactthat@ynstreamof a finite-spanwing
withthickness,evenat a = 0°,thereexistsa downwashfieldvarying
from0° intheplaneof thewingto finitevaluesshoveandbelowthe
planeofthewing,and(3)theaforementionedtunneltaresinglesthat
mightbe present,butwhicharebelievedtobe small,

DownwashandSidewash

Theoreticalconsiderations.-A detailedaccountof themethodof
evaluatingthedownwashsndsidewashfieldusingthelinearizedsuper-
positiontheoryofreference2 isgiveninappendixB. By usingthis
method,thedownwashad sidewashsngleswereevaluatedinvertical
planesat a numberof chordwiselocationstotherearofthewing

trailingedge~nsmely,1/2,1,1:,2, 2$,and3 chords).Theresults
. -1

of thesecomputationsaregiveninnondimensionalformforthe‘-; 9 +->
and2~-chordlocationsinfigures14,15,and16. (Useofthesefigs.
willenablethedownwashtobe computedatanypointof a flowfieldof
a rectangularwingof givenaspectratioandat a specifiedMachnumber,)
A moregraphicpresentationofthesetheoreticalresultsisgivenin
figure17.

In calculatingthetheoreticalvariationof downwashandsidewash
withwingangleofattack,thewingisassumedto remaininoneplsne
throughouttheangle-of-attackrange.Themostlogicalchoicefor
locatingthisdatumplanein compari.~theresultsto anyphysicalcase
wouldbe alongthetrailingvortexsheet.Allpointsofmeasurementof
theflowdirectionintheexperimentremainedfixedrelativeto thetun-
nelaxis,apartfromtheslightvariationinverticallocationresulting
fromtheflexibilityofthesupportingarm. Thewingitselfwaspivoted ,
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abouta point0.08~ chordaheadofthemidchordpoint;hence,as the
angleofattackofthewingwaschanged,theverticallcicationof the
pointsofmeasurementrelativeto.thewi.~trailingedgeandthe
trailingvortexsheetvaried.Thistypeoftestsetup>whichwould
thereforenotdirectlycorrespondtothemoreconventionalccmfigura-
tionof anaircraftwitha fixedtailwithoutmodificatfinstothedata,
wasusedforthisexperimentas itmadepossiblea larger-scalewing
model.In addition,theresultscouldmore,readilybe comparedwith
theory.Nearanglesof attackof0°,a directcomparisonbetweenthe
experimentalandtheoreticalresultscouldbe-madefor~dentichlloca-
tionsaboveandbelowtheplaneofthewing.‘Athigheranglesof
attack,ifa horizontalplanethroughthewingtrailing.edge(thepoint
oforiginofthetrailingvortexsheet)istakenas thedatumplane,it
canbe seenthatthelocationofthisdatumplanewillv-&rywfthangle
ofattackrelativetothefixedtestpoints.Also,withthewingatan
angleofattick,theself-induceddispla.cemen~anddist~tionofthe
trailingvortexsheetwithdistancedownstreamcomplicatesthelocating
ofthedatumplaneforcomptiisofi.oftheoreticalande~”erimental
results.

Downwashresults.-Figure18 containsplotsof downwashangle e.
against‘a. Eachpartoffigure18 showstheresultsob%ainedat each
spanwisestationforverticallocations0.363—chordabo?ethetunnel –
axis,onthetunnelaxisfand0.363chordbelowthet-l axis.As
mentionedpreviously,theflexibilityofthesupporting.m.allowed
slightvariationsintheactualz-locationofeachtestpointand,
although,forconvenience,eachspecifiedverticallocationofthe
curvesisreferredto aseitheronthecenterlineor 0.363chordsabove–
orbelowthiscenterline,theactualverticallocationsasmeasuredby
a cathetometerateachtestpointarepresentedintableI.

At CT’=0°,forthosepointsfallingwithintheregionoftwo-
dimensionalflowsmdaheadof thetraillng-edgeshocks(I.e.,at-the
distanceof1/2chordto therearofthetrailingedgeof thewingand
0.363chordaboveandbelowtheplaneofthewing),theflowdeflection
anglesasmeasuredareoftheorderof +2°. Theseflowdeflectionsare
almostexa”ctlywhatwouldbe expectedassumingthedirectionofflow”at
therespectimstationstoequaltheslopeof“thewingsiirfaceat the
pointwhereMachlinespassingthroughthestationsmeetthewingsur-
face. Theplotsof c againsta forthese.twos.tati~s‘gavestraight
lineseachhavinga slopenumericallyequalto-0.5,whereaslinearized
theorypredictstheslopeinthisregiontobe..unity.TK&tthisdis-
crepancywasa directresultofwingthicknes~..wasborne~out.bya simple
calculationinwhich,ata numberofwinganglesofatta-ck,theangi.e-”–
of downflowwascalculatedatthestationi/2_chordreariiu”dofthe
trailingedgemd 0.363.chordabove”the”plene‘ofthewin~,twu””
dimensionalflowbein&assumedandcurvatureuf theleading-edgeshock -
beingignored.At eachangleofattack,theflowatthe..pointwas “
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assumedtobe parallelto thewingsurfaceat thatpointatwhichthe
characteristicthroughthe_pointmeetsthewingsurface.Theplotof c

. againsta, calculatedtithismsnneragreedalmostexactlywith
experiment.

Forlocationsdownstreamof thetrailing-edgeshocks,it canbe
seeninfigure18 thatthecurvesof c againsta, ingeneral,donot
gothrough0° at a,= OO. Asmentionedpreviously,thisIsdueto
severaleffects,ofwhichtheinfluenceof thewakeonthedownwash
fieldisbelievedofthegreatestsignificance.

.

.

.

In certainof theplotsof c againsta, discont.inuitiesin slope
arepresent.In-eachcasethesediscontinuitiesaretheresultof the
passingof thepointat whichtheflowmeasurementswerebeingmadefrom
oneregionof flowtoanotheras thewingangleof attack1schanged.
&acingthesediscontinuitiestotheirsourceisfacilitatedby refer-
enceto figures6 and7,previouslydescribed,inwhichtheboundaries
separatingthevariousregionsofflowsreshown.

Valuesof de/da areplottedagainstspanwiselocationforthe
thee chordwisestationsandthethreeverticallocationsinfigure19.
Thevaluesof d~/da wereobtainedbymeasuringtheslopesof the
curvesof c againsta. Theslopesof thecurvesof e againsta
near a=OO arecompareddirectlywiththeoryinfigures19(a)and
19(b),andtheslopesnear a = 10° arecomparedwiththeory,whichhas
beenmodifiedto accountforthedisplacementanddistortionof the
trailingvortexsheet,infigures19(c)and19(d).

Comparisonof downwashdatawiththeoreticalresults.-Itwas
mentionedpreviouslythattheeffectof thicknessreducesthevalues
of de/da forthetwo-dimensionalregionbetweentheleading-and
trailing-edgeshocksby a factorof 0.5forthe6-percent-thickwingof
thesetests. (Thisfactorisof coursedependentonwingprofileand
thetest-pointlocation.) Thougha theoreticalvaluefor de/da CaIl
be foundreadilyinthestrictlytwo-dimensionalregionwiththickness
takenintoaccount,atpointsfartheroutboardwherethetipeffectis
feltthereareno readymeansavailableforcalculatingtheeffectof
thicknesson de/da.In obtainingthetheoreticalcurveof figure19(a),
forthelocation0.363chordaboveandbelowthewingandonly1/2chord
behindthetrailingedge,theassumptionwasmadethatvaluesof down-
washinthetipregionwouldbe~educedinthesszaeproportionas in
thetwo-dimensionalregion.WhenthisiS done, good agreement between
theoryandexperimentisobtained.

Forthedownwashfielddownstreamof thetrailing-edgeshocks,it
isevidentinfigure19(a),whichisforanglesofattacknesr0°,that
OIiLyina regionJustinboardof thetip,inthepwe of tbewing, does
theorydiffermarkedlyfromexperiment.Thedisparitybetweentheory

.

—.
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andexperimentexistinginthisregionisduptothepr.oxtiityof the,
testpointsinthisregionto theshedvortexsheetandto thespanwise
distributionofvorticityprobablybeingdifferentfrom-thatpredicted
by theory.Evennearm angleof attackof 0° separationeffectson
thewing,especiallynearthetip,wouldinfluencethe.~antiiseload ..
distributionandconsequentlythespanwisevortexdist~:bution.This .
effectaswellas theredistributionof vorticitywithdistancedown-
streamwouldaccountforthevortexdistribution’sbeingotherthanthat
predictedby lineartheory.Forillustrative.purposesthedegreeof
influenceofthespanwisetiploadingonthedownwashdistributionis
broughtoutinfl.gure.20,in whichvarioustypesoftifiloadlngsand.
theircorrespondingdownwashdistributionintheTrefftzplaneare
shown. It is seenthat,exceptintheplane=ofthe“tingInboardof the
tip(i.e.,theregionintheimmediatenef.ghb.orhoodof.@evortex
elements),thevaluesarelittleinfluencedby loading-Inthisregion.
inboardof thetiplargechangesinthedownwashfield_resultfromtl~___
differentspanwise”loaddistributionsillustrated.Thesespanwiseload.
distributionsweremerelyselectedat randomand;since”-pressuremess--
urementson thewingwerenotmade,a correlationbetweentheoryand
experimentinthisregionisnotattempted., -...

●

-. .-
.

.-

.-

—
.

—.

.— —-—

Itwasmentionedpreviouslythatthepresenceoft~ewakeis .
believedtohaveconsiderableeffecton valuesof downwashat a wing .

0 “ Thewakepitotprofiles,however,donotindi-angleofattackofO .
—.

cateanyappreciablechangein supe or sizewithmgle”ofattack, 8
except near the tipwhere.thevortexsheetrollsUP;so.thattheOtiY
effectofthe‘wakeonthevariationof downwashwithangleofattack
resultsfromitsdisplacement. .—

Thedisplacementanddistortionof thetrailingvortexsheet.pro-
ducedthecurvatureofthetheoreticalcurves-ofc againsta of
figures18(c)and18(e),(lineartheory,of course,predictsa straight-
linevariation).Figure18(e)isforthespanwisestationnearenough..”
to thetiptobe ina region.of sizabledownwash.angles..andconsequently
thereisan appreciabledisplace~ntof thetrailingv@ex sheet._The
theoreticalcurvesoffigure18(a),whichsreforsm inboardstation,
werecomputedwithonlythedisplacementof thewi,ygtrailingedge -—..
relativeto thefixedtestpointswithangleof attack,beingaccounted‘.
for.

—

.-
.-

—

Thecorrectionsaccountingforthedisplacement.and.djstortlgn..of- --...
thetrailingvortexsheetarebasedona locationofthgvortexsheet.. ..
at a particularspanwisestation,whichiscomputedfro.~thetheoretical.
downwashvaluesofthatspanwisestationina“”_mannerde~cribedinmore“-
detailinappendixB. Infigures.19(b)and(c)theexperimental
de/da values,whicharefornear.lOOsngleof attack,“arecomparedwith .,
thetheoreticalvaluesat eachspanwise’station.Oneoxthetwothee-...
reticalcurvesshowninthesefiguresiscorrectedinboqrdofthetip

--

.-
--

—
.

—
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forthedisplacementof the
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vortexsheet,theverticallocationof
whichwasdeterminedfromtheoreticald~/da “&luesat eachspanwise. station.Theothertheoreticalcurve,whichis inmuchbetteragree-
mentwithexperiment,wasobtainedby consideringtheverticallocation
ofthevortexsheetateachseparatespsnwisestationinboard.ofthe
tiptobe coincidentwiththeexperimentallydeterminedwake-center-
linelocation.Forallthestationsoutboardofthetipthedatum
plsneof thetheoretical&/da distributionwasassumedtobe coin-
cidentwitha horizontalplanethroughthewingtrailingedge. It CSll
be seenthatexcellentagreementexistsbetweentheoryandexperiment
outboardof thetipandthatinboardof thetip,whereverit is impor-
tantthatthedisplacementanddistortionof thevortexsheetbe
accountedfor,suchasthestations0.363chordbelowthetunnelaxis,
themethodbasedon theoreticalde/dq valuesisverypoor. Thedis-
agreementbetweentheoryandexperimentinfigure19(a)forlocations
inthe-planeof thewingiriboardof thetip,wheretheexpertiental
d~/da valuesaremuchlessthantheory;pertlyaccountsforthe
trailingvortexsheet(asevidencedby theverticallocationsof the
wakecenterline)notbeingdisplacedasmuchastheorypredicts..
Anotherconsiderationwhichwouldmakethedisplacementof thetrailing
vortexsheetlessthantheorypredictsisthattheoverexpansionphe-.
nomenafromthehigh-pressuresideof thewingtrailingedgewoulddis-
placetheeffectivetrailingedgedownstreamandupwsrd.Thelow
Reynoldsnumberofthetestmighttendtoexaggeratethiseffectfor.
thepresentexperiment.TheeffectofReynoldsnumberon theseparation
pointispointedoutinreference10.

.
Sidewashresults.-Valuesof sidewashangle“G areplottedaga~st

whg angle of attacka infigure21. Forthemostparttheseplots
areessentiallylinesr.Wheretherearedeparturesfromlinearitythey’
areattributableto thesamedisplacementof thetrailingedgeand
trailingvortexsheetasmentionedin connectionwiththedownwash.
Discontinuitiesresultingfromthepassingof thepointofmeasurement
fromoneregionof flowtoanothercanbe tracedto theirsourceby
usingfigures6 and7. In general,theplotsof a againsta do not
passthroughtheorigin(at a = O sidewashflowanglesashighas 3°
wereobserved).Thisresultisat vsriancewithlinearizedtheoryfor
a flatplate.Thedeparturesofthesidewash@es fromzeroat a = 0°
isbroughtoutinfigure22wherecurvesof sidewashangle,measured
at a = 0°,areplottedagainstspanwiselocation.Theslopesof the
curvesof a againsta gear a=o” sreplottedagainstspanwise
locationinfigures23(a),and23(b)smdtheirslopesnear a = 10° are
plottedinfi~es 23(c)and23(d).

. Comparisonof sidewashdatawiththeoreticalresults.-Thetheo-
reticalvaluesof therateof changeof sidewashwithwingangleof

duattack~ havebeencomputedat a largenumberofpointsdistributed.
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throughouttheentireflowfielddownstreamoftherectangularwing.
Theresultsofthesecomputationsarepresentedinnond@ensionalform “~_~~_~..
infigures14,15,and16. By theirusethesidewashatanypointin ●

thefieldofflow-ofa rectangularwingmaybe readilyevaluatedby
interpolationforanydesiredvalueof chordandMachnumber.

Indescribingtheexpertientalresultsc?btained@_these.tests)
attentionhasalreadybeendrawnto thefactthatthecurvesof u
againsta didnotjingeneral,passthroughtheoriginforthecondi-
tionof0°wingangleof attack.Threepossiblecauses;thatmightpro-
ducethisare: (a)wingthidcness,(b)presenceof wingwake,and
(c)unsymmetricalboundary-layer-shockinteractioneffectsoccurringon , ,_~
thebypassplateandresultingfromtheintersectionof=thewi~ and _ ___
thebypassplate. — — ..

An estimatecsftheeffectof thefinitethicknessofthewingwas
madeby distributingsourcesof strengthproportionaltotheslopeof ----
thewingsurfaceoverthewingplggform~dcalculati~”theresulting
sidewashfield.Thedetailsof theC.&lculationaregiveninappendixB.
Theresultsofthese’computationsaresuperimposedon figure22. Agree-
mentisratherpooralthoughatthestation1/2chordbackfromthe
trailingedgethetrendsareapparent.

@.-. —

Theinfluenceofthewakeon thesidewashfieldwouldbe expected
tobe appreciableonlyintheneighborhoodo~the tipvqrtices.Else-

.

whereintheflowfieldthewakemightbe-expectedto haveitslsrgest
effecton downwashandit seemsunlikelythatthewaketan”accountfor
thelargesidewashanglesencountered.Itwouldthusappearthatthe
boundary-layerandshockinteractioneffectsinthesidewashdirection
atandto”therearof theintersectionof thewingandthebypass
platearean importantfactorcontributingtotheobseryedvaluesof. . 1
sidewash.Thisisto someextentborneoutby thebettercomparisonof,,
thetrendsbetweentheoryandexperimentatthe~-chordstation(where
thesupersonicflowwouldnotbe affectedby-thedivergEticeofthe
stresmcontoursinthesidewashdirectionattheintersectionof the
wing.mdthebypassplate)thanthecomparisonat stationsfarther
downstream.

—.

Thetheoreticalvaluesof do~ havebeensuperimposedontheexperi-

mentalcurvesinfigure23. Thecomparisonb@weenthegryandexperiment
nearan angleof attackofO.O,

—
wherethedisplacemento~.thewing

trailingedgeandofthetrailingvortexsheetneednot.beconsidered,
isshowninfigures23(a)and2.3(b).Itcanbe seenthatforlocations
abovesndbelowtheplaneof thewingthereisgeneralagreementas to , ●

dashape,buttheexperimentalvaluesof ~ areconsistentlysmaller
numericallythanthetheoreticalvalues.Forthelocatfonsinthe-plane ● .
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theoryofreference2 predicts~ tobe zerooutboard
ofthetip,tobe infinityat stationsdirectly~~hindthetip,andto
havefinitevaluesrapidlydecreasingto zeroinboardofthetip. Also
thetheorypredictsthis = distributiontoremainunchangedinthe

da
stresmwise(x)direction.Thistypeof distributionis,of course,not
fullyrealizedfortheexperimentalcase;however,thegeners.1.agreement
caabe seeninfigure23(a).

Nearan angleofattackof10°thedisplacementof thetrailing
edgeandof thetrailingvortexsheetmustbe consideredforanycompari-
sonbetweentheoryande~eriment.lhfigures23(c)and23(d)the
experimentalcurvesarecomparedwiththeorywhichwascalculatedfrom
thesue twomethodsforlocationofthetrailingvortexsheetas in
thecaseofdownwash,namely,(1),thevortex-sheetlocationbasedon
thetheoretical~ distributionofeachsp~wisestation,

da
integrated

inthestreamwisedirectionfrcmuthetrailingedgeto thetest-point
location,snd(2)thetrailing-vortex-sheetlocationas determinedfrom
theexperimentallocationof thewakecenterline. It canbe seenthat
wherethereisanyappreciabledifferenceintheresultsbasedon the
twomethods,suchasforthelocation2* chordsbehindthewhg trailing

edgeand0.363chordbelow’(fig.23(d)),themethodbasedonthewake-
center-linelocationproducesbetterageementwithexperiment.

Generalconsiderationsof downwash,sfdewash,andwake.-Figure24
isa vectorrepresentationof thecomponentsof theflowvelocitiesin
planesnormaltothestreamforthelocations~ &d 2+ chordsbehind

thewingtrailingedge.Eachvectorwasconstructedfromtheexperi-
mentaldownwashandsidewashmeasurements.Figure24(a)presentsthe
valueswiththewingat 0°angleofattack.Thefinitesizeofthe
valuesresultsfrompreviouslymentionedeffects.Figures24(b)and
24(c)representthechangeinflowvelocitieswithintheseplanes
resultingfroman increaseinangleofattackfrom a = 00 to a = 3°2
andfrom ct= 0° to a = t?,respectively.Thusby choosingthevalues
ata=OO asthedatum,theeffectsotherthanthoseof angleof
attackwereeliminated.

Thistypeof figureprovidesa goodmeansforstudyof therol.ling-
up of the~railingvortexsheet.Ifthevorticityintheseplaneshad
beenconcentratedwithina singlevortexfilanent,theinducedvelocity
atanypointwouldbe perpendicularto thelinejoiningthepointin
questionto thefilamentandofmagnitudeinverselyproportionalto the
lengthof theline. Thecross-flowcomponentsof velocityas givenin

. figure24 arenotinducedby a singlevortexfilamentbutby a
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distributionofvortexfilaments,leav@3thewingtrailingedgeof
strengthproportionaltotherateof changeofloadingqlongthewing

—

span. Of coursefora rectangularwingthes@engthis_~eatestnear .
thetipad, inaddition,thevortexsheetrollsupwithdistancedown-

.—

streamconcentratingmorevorticityintothislocalizedregiondownstream
ofthetip. Thegrowthinthesizeofthetwovectorsnearthetipwith
distancedownstreamresultsfromtherolling-upofthetrailingvortex
sheet.Thetwolargevectorsme believedcloseenoughto.theregion
of strongvorticitythattheintersectionoftheirnornialsdetermines
itslocation.Itcanbe seenthatthelocationofthisregionof strong
vorticityremainsina horizontalplanethroughthewingtrailingedge
(i.e.,it isnotdisplaceddownas istheca~.of theinboardpartof
thetrailingvortexsheet)andthatthislocslizedregionof strong
vorticitymovesinwardwithdistancedownstresn.Correspondingly,the
sizeof thetwolargetipvectorsvariesinverselyastheirdistance
fromthecenterof strongvorticity.

Superimposedonfigure.24arethelocationsof the.intersectionof _.
thetrailingvortexsheetwiththeplsmesnormaltothe.strem.repre-
sentedby thefigure.Theloc”ationofthisintersectionwasdetermtied
experimentallyby them“rticallocationsof thewakepressuredeficiency
peaks(thedashedlinethroughthecrosses)andwascalculatedfromthe

.

theoreticaldownwashdistribution(indicatedby thedotteddashedline).
Itcanbe seenthatthereissm appreciabledifferencebetweenthetwo .
locationsandthattheuseofthelatterin ?orrectingdownwashvalues
forthedisplacementanddistortionofthevortexsheetwouldintroduce

—

largeerrorsatlocationsinboardofthetipinthevicinityofthe
vortexsheet.Thedataofreference7,whichwereobtainedat a differ-
entMachnumber,indicateda disparitybetweenthelocationofthewake
pressurediffi.ciencypeaksandthetheoretic~location,ofthetrailing
vortexsheetofthesameorderofmagnitudeasof thisexperiment,when

—

thedistanceswereplottedindimensionlesscoefficients.

CONCLUSIONS .—

Surveysoftheflowbehinda wingofrectangularplanform,aspect
ratio2.34,and6-percent-thickcircular-arcsectionat a hch nmber
of2.41indicatedthefollowingconclusions: —

1.Downstreamofthetrailing-edgeshocks,therewasgoodagreement
nearzeroliftbetweenexperhnentalandtheoreticalvaluesof“therate —
of changeof downwashwithangleofattackd~/daexceptintheplane
ofthewingjustinboardofthetip;inthisregiontheproximityofthe ,.~
vortexsheetcausedthedownwashtobe sensitiveto theeffectsof span-
wiseloaddistributionwhichinturnmightbe greatlyinfluencedby
separationeffectsonthewingsurface,particularlyne”artheti”p.At .
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anglesofattacknear10°,itwasnecesssryto correctforthedisplace-
mentanddistortionofthevortexsheetatpointsnearthesheet.The
measuredlocationofthevortexsheetdifferedgreatlyfromthatcom-
putedfromthetheoreticaldownwashdistributionand,consequently,
correctionstothetheoreticaldownwashbasedonthetheoreticalloca-
tiongavepooragreementwithexperiment.Correctionsbasedon the
measuredlocationofthetrailingvortexsheetproducedmuchbetter
agreementwithexpertient.

2. Upstreamofthetrailing-edgeshocks,experimentalvalues
of de/da departedfromthelineartheorybecauseof theeffectsof
wingthicknessandprofile.Intheregionof two-dimensionalflow,the
experimentalvalueswere1/2insteadof 1, in closeagreementwithcal-
culatedtwo-dimensionalvaluesfortheparticularairfoilsectionand
Machnumber.Forlocationsoutboardof
ssinec~rrectionfactorof1/2gavegood
andexperiment.

3.@erimentalvsluesoftherate
angleo?attackda/dawereingeneral

thetwo-dimensionalregionthe
agreementbetweenlineartheory ‘

of changeof sidewashtith
qualitativeagreementwiththe

theory,butthema~itudesof thevalues-measuredabout0.4chordabove
andbelowtheplae of thewingweresomewhatlessthsnthosepredicted
by theory.

4.Comparativelyhighvsluesof sidewashweremeasuredat zerolift.
Calculationsmadebyreplacingthewingwitha distributionof sources
indicatedthatthesevalueswerelargelyattributableto theeffectof
wingthickness;however,theboundary-layer-shockinteractioneffects
attheintersectionof thewingandthebypassplatemightbe expected
toaffectthesidewashcomponentof the.flowanglemorethanthedown-
washcomponent,andtobe morepronounced-at distancesdownstream.

7.Detailedsurveysof theviscouswakeshowedthatthetrailing
vortexsheetrolledup as itmoveddownstream.Thesewakesurveysand
themeasurementsof cross-flowvelocitiesshowedthatthevortexcore
fromthewingtipmovedinwardwithincreasingangleof attackanddis-
tancedownstreambutremainedina streamwiseplanethroughthetrailing
edge,unliketheinboardportionof thesheet,whichwasdisplaced
downward.

6.Thewakethicknesswasessentiallyconstantacrossthespannear
zeroltit. Athigheran@.esof attackthethicknessincreasedconsider-
ablynearthewingtip,butthetotal-pressuredeficiencydecreased.

7. Inbosxdofthetipregion,thewakethicknessincreasedmuch
morerapidlythanin subsonicflowfora shortdistancebehindthewing;
fartherdownstreamtherateof increaseof thicknessbecsmelessthan
forthesubsoniccase. Thewakethicknesswaslittleaffectedby angle

--=-al&
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ofattack,butincreasingtheangleofattackdeflectedthecenterof
thewakebelowthetraillngedge. .-

8.Thepeakvalueoftotal-pressure.deficiencyinthewakewas
roughlyofthessmeorderasthatof-smoothwingsiQsubsonicflow.

LangleyAeronauticalLaboratory
NationalAdtisoryCommitteeforAeronautics

LangleyAirForceBase,Va.
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APPENDIXA
.

CALIBRATIONOFMIRRORNORMALSANDMETHODOFREDUCING

OPTICALDATATOIXXNWASHANDSIDEWASH “

CalibrationofMirrorNormals

‘I!heequipmentessentialformakingthemeasurementsoftheorienta-
tionofthenormsls.to themirrorsurfacesrelativetothevaneaxisof
rotationis illustratedinfigure25J.Theparallellightusedinthese
calibrationswasthatfromthetunnelschlierenapparatus.Thetwo
6-inch-squaremirrorstowhichthevaneholderandvanewereclsmped
weresd.inednormalto thelightby causingtheimagefromthecross
hairsacross”thelowerholeinthescreenoffigure25to reflectback
onthessmecrosshairs.Simultaneouslytheaxisofrotationofthe
headof thevise(AAfinfig.25)wassetnormalto theverticalrefer-
enceaxispaintedonthqscreenby adjustingthewholeViseandthe
horizontalturntableofthevisesothattheimageof thecrosshatis

. acrossthelowerholeof thescreenalwaysfellon theverticalrefer-
enceaxisof thescreen,whetherthe6-inchmirrorswereintheir

. verticalpositionortiltedup or down2~0.

Thespindleofthevanewasalinedwiththeverticalreferenceaxis
ofthescreenby placinga smallpointsourceoflightbehindthewe,
sothata greatlymagnifiedshadowof thevaneshaftfellon thescreen.
The6-inchmirrors,vaneholder,andvanewerethenrotatedasa unit
aboutaxisBB’offigure25 untiltheshadowcastby thevanespindle
coincidedwiththeverticalreferenceaxison thescreen.

,WiththesxisAA!ofthetiltingheadof thevisenormaltothe
verticalreferencesxisonthescreenandwithvanespindleparallelto
thisverticalreferencesxis,theheadof thevisewastilted22~0~1’

fromthepositioninwhichthe6-inchmi~orswerenormalto theparallel
light. ‘Thecoordinatesofthelightspotthrownont~thescreenby one
ofthepolishedflatsof’thevanewerethenmeasured.Inmeasuringthese
coordinatestheapexofa smallopaquepointer,waslocatedintheplane
of thescreenin sucha waythatitsshadowfelluponthevanemirror
undercalibration.Thispointerwasused
urethecoordinatesfromwhichthemirror
determined.

ak a referencedatumtomeas-
normslscouldbe readily
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MethodofReducingOpticalDatatoDownwashandSidewash

Afterthemirrorsurfacecalibrationmeasurementsweremadeas
Justdescribedandtheperpendiculardistanceofthegridfromthevsme
(8oin.forthesetests)andalsothelocationoftheTightsourcerela-
tiveto thegridwerefixed,itwaspossibleto comput~chartswhich
enabledtheangle @ (whichthevanespindleude withthehorizon?~~-
andtheanglesof ctBor ~ (thesngl.eof-rotation~f thevaneabout
itsspindle)to,beaccuratelydeterminedfromthemeasurementsin inches
ofthex- andy-coordinatesofthepointofthegridilluminatedby the--
lightbeamproceeding.$romthelightsource.mdrefleczedfromthe.mir-_
rorsurfaceofthevane.Withthevanemountedinthemanneralready
described,namely,withitsspindleinclinedat approxhnately45°with
thehorizontal,therotationof thevaneaboutitsspindleproducesan
almosthorizontaldisplacementofthelightspot(for~all sngles)and
thus”isdeterminedby thex-coordinateof the-lightspotauda slight
rotationofthespindleintheverticalplaneresultsina verticaldis-
placementofthelightspotwhichisthereforedetermi~edbyrnea:uring
they-coordinateof thelightspot.

—

Theactualstepsmadeinreducingtheexpertientaldataareout-
linedasfollows: “=—

Chartsgivingy, ~, ~, and
()
d~
~ &30 forvaluesof x were

computedwhere —.— .

x horizontaldisplacementoflightspot .=

Y verticaldisplacementof lightpyot -- —.

%’ angleof rotationof vaneabout”itsspindlewhenthebot-
tommirrorisexposedtotheincidentlightbeam

~ theangle~frotationofthevaneaboutitsspindlewhen
thetopmirrorofthevsmeisexposedt~the incident
lightbeam *

@ anglewhichthespindlemakeswiththehorizontal

ud@m 450
therateof changeof # withverticall~cationof light
spotwhenthe“spindleis.actu.~lyinclinedat 45°to the‘
horizontal

Withthevanelocatedat eachoftheexperimentalstationsinturn,
thex- andy-coordinatesofthelightspotw~.remeasur~d.By usingthe
preparedcharts,therotationofthevaneaboutitsspindlecouldbe
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obtainedintermsof x. Theangleof rotationofthevaneaboutits
spindlehavingthusbeendetermined,they-coordinateofthelight,beam. correspondingto a spindleinclinationof 45°couldthenbe obtainedby
referringto anothersetofprepsredcharts.Theactualinclinationof
theaxisduringtestsdifferedslightlyfrom45°andhencethe
y-coordinateactuallyneasureddifferedsomewhatfromthevaluethus
obtained.Thesmountby whichtheinclinationof thevaneaxisdiffered
from45°isobtainedfromtherelation:

@
d@

-450=Factual (‘actusl )- ‘correspondingto 45°

dflDetailsoftheconstructionof thechartsof y, x, and — cor-
dy

respondingto variousvaluesofvaneangleof deflectionm aregiven
below:Ihthefollowingsketchusedin calibrationcalculationsof the
vane, OXYZ arereferencesxesfixedwithrespectto thetunnel,
where OX ispsrallelto thetunnellongitudinalaxis, OY isthe
traversesxis,normalto thetunnelsidewalls,end OZ isvertical.
Oxyz me axesfixedwithrespectto thevane,where Ox is coincident
withthelongitudinalaxisof vane, Oy withthevanespindle,and Oz
withthenormaltoboth Ox and Oy:

z

z

Wr

/-

The sxis Ozt ismutuallynormalto OX and Oy (i.e.,Oxyz’ is
theorientationofthebodyaxeswhen Cf,BequalsOO). Thedirection
cosinesofthenormalto themirror(previouslymeasured)relativeto
thevaneaxesaxedenotedby 1, m, and n. Thedirectioncosinesof
thenormalto themirrorwithrespectto OXyz’ is:

ml =m
nl . -1 sin~ + n cosa,~
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Thedirectioncosinesofthenormaltomirror
axes OXYZ tie:.

Z*= 21

%2=ml cos% - nl sin

and

%’ ml sin~ + nl cos

‘-NACARML50G12”

withresp–ecttomtunnel

h

.

—.

4B
WhenthelightbeamwhichwasinstslledintheZY-planeisdirected
ontothemirrorata ~0~ s.@e ~, itmaYbe sho~ t~t thedir::-on
cosinesofthereflectedlightbeamrelative.tothetunnelaxes
willbe:

i= -22= cos p + 222% SiII p

iii= -Cos p + ‘21Tfcos j3 - Z?qrq sin p

,Ii= -sin@ + 2n22sinp - 2m2~ cosP

Thereexistalsotherelations: —

x i=D= (~)—

z
Y =D~ -.. .- (~) ‘__

.-.

—
—
. .

—

.

:

. .

When ~, ~, and D andthedirectioncosines7, m, snd n ofthe
normalto themirrorwithrespecttothebodyaxesareknown,

—
X and y

canbe evaluatedintermsof ~. By differentiatingequations(IA)—

and(2A)withrespectto @,the‘expressionsfor
()$450 ‘d ($)

a
45°

canbe obtained.Theformerisfound
canbe omittedfromconsideration.

Themannerofottainingdownwash
followingsketchof thefrontviewof
where ~ “isthecross-flow_velocity

-1c%.correspondinglyaB = tan ~ .

tobe a“second-orderquantity”&d ““”
t

andsidewashis indicatedinthe
the,vaneinitstyopositions

suchthat tan-l$ = cq and

.
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x Vanesxis
Vanes&s. &

p ‘\ +x

+

. u
.—. —

Bottommirror
+-~ ‘

\

Forthe

andfor

●

.

bottommirrorit

%

thetopmirror

9

.
Fromthesetwoequations
thus:

●

,29

canbe seenthesingulardeflectionofvaneis:

~sin@B+~cos&=.—

=+ ~sfi@T+~cos@T
thedownwashandsidewashcanbe evaluated

.

.
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AH’ENDIXB

THEORETICALEVALUATIONOFDOWNWASH

NACARML50G12

.

●

ANDSIDEWASH
-.

Severalmethodsexistfortheevaluationofflowfieldsofwingsin
supersonicflow. The”method.susingdoubletdistributions,orvortex
distributions,werediscardedinfavorofthesuperpositionmethodof
LagerstromandGrahamwhichisthemorerapidfora wing.havingthe
rectangularplsmformofthetestsofthispaper.A detailedexphna-_
tionisgiveninreference2 ofthesuperpositionprinciplesonwhich
thismethodisbased. !. -.

Inreference2 valuesof de/dahavebeencomputedatvarious
pointswithintheplaneofthewingandby interpolation,values
of dG/du couldbe obtainedat thosestationswithintheplaneofthe
wingcorrespondingtothemeasurementsofthispaper.Forthe.purpose
of comparingvaluespredictedby linearizedtheorywiththeexperimental
valuesnotintheplaneofthewing,additionalcomputationshadtobe
made. ‘.

Oncetheflowfieldintheneighborhood-ofthetip.ofa semi-
infiniterectang&,rwinghasbeenevaluated,”-itisa s@plematterto
obtainby superpositiontheflowfieldof a finiterectsmgulsrwing

.

(seereference2). Hencetheproblemofevaluatingdownwashandside-
washvirtuallyreducesto solvingtheflowintheregionof thetipof
a semi-infiniterectangul=wing.

Themethodusedinmakingthesecomputationsisoutlinedinthe
followingsections:

Evaluationofdownwash&/da.-Theevaluationof downwashinthe
tipregionof semi-infinite”rectsngularwirigproceedsintwoparts: ““ “

(1)Downwashassociatedwiththewingcoveringtheplanarsemi-
infinltequadrantcanbe expressedin closedform(equation(D)) and
itsevahuitionpresentsnodifficulties:

de
()

.~l-r 1/2

(

-1e+AanCos-
‘~ x r 21’t

—.

)2@=3 Cos ; - ~ (lB)
1..2r COS2:

.

—
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where r and G aredefinedinthefollowingsketch:

I‘2i _,./- ‘1

Machlinein
planeofwing1

l)=

r =

e =

r* .

arbitraryangle J
inplaneofwing

Y??Qmtanjl= mx3

.

31

(2)Downwashassociatedwithwingsof constantliftdistribution
superimposedalongthetrailingedge(fordetailsthereaderisagain
referredtoreference2).
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Thislattercontributionisobtainedby evaluating--theintegral .&

Jde 1 0
z=% -1G(b,r*,e*)

& “; “--

whereb, r*, 8++arealsodeftiedintheaccompanyingsketch.
functionG(b,r++,e*)isa rathercomplicatedone,nsmeIy,

(11G(b,r*,@+)= ~F hR* + tan-12R*Cose*+
i- R@

where

B=~~” “-
b

(2B) r

The

(3B)

andtheintegral(2B)wasnotevaluatedin closedform–sothatgraphical
methodswereused. Beforethiscanbe donetheintegralmustbeput
intoanotherform,since,as it’stands,theintegrandtendsto infinity
atbothupperandlowerlimitsof integration.

Onemodifiedformof integral(2B)usefulinthepresentpaper
whicheltiinatestheseinfinitiesatthelimitsof integrationandwhich
canthereforebe usedforthepurposeofmakinga graphicalevaluation
isgiveniqthefollowingequationwhere G(O~ro~Bo)~d G(-l~rl~%)
arethevaluesof G(b,r*,CM)at b = O and -1,respectively:

J1° ,db o
G(b,r+$,e*)? -1 j[”~=+ -1

G(b,r*,&+)+bG(-l,rl,Gl)-

1-(1 +b)G(O,ro,f30)~- - G(-l,rl,el)~~” bdb +
-1v-

3-(1+ b)G(O,ro,eo) ~&- - ~~(-l,rl,el)+

+ bG(-l,r1,91)-

.— —

.—-.

—

T.

.

.=. — -

-

.
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As a preliminaryto theevaluationof thedownwashfield,a number
of chsrtsweremade,correspondingto valuesof b rangingfrom-1

. toO in intervalsof 0.1. Eachofthesechartsconsistedofplots
of G(b,r*,~)againstr at a constantvalueOr W.

Theactualstepstakenin computingdownwashat my pointinthe
flowfieldareenumeratedbelow:

(1)At each b (from-1to O in intervalsof0.1)thevalues
of r* snd % canbemeasuredfroma scaledrawingor computedby
usingthecoordinatesofthepointin question.By referringtothe
appropriateb chart,thevalueof thefunctionG(b,@,%) canbe
obtaineddtrectly.

1(a)Plot~(b,r*,*) + bG(-l,rl,el)- (1+ b)G(0,ro,90)
&

againstb andobtaintheareaunder-thiscurvefrom-1to O. This
givesthevalueoftheintegral.

.

.

0JY 1
G(b,r*,f3*)+bG(-l,rl,el)- (l+b)G(O,ro,eo)

-1 &

(3)E~uate theremafiingtermsof equation(4B)andaddto the
resultof step2 to obtain

10
zJ G(b,r*,e*)

-1 ~-’
“

(4)Addingthiscontributionto thatresultingfromth~e~;e:ge .
‘ofthebasicquadrant(equation(IB)),thefinalvalueof
obtained.

Evaluationof sidewashda/da.-As inthecaseof downwash,the
flowabouta semi-infinitewingisobtainedby supertipsingtheflow
abouta’liftingquadrantwiththeflowsaboutwingsof constantlift
distributionas describedinreference2.

Thesidewashassociatedwitha liftingquadrantisgiveninfinite
termsby theformula:

da
()
21-r 1/2—=-. _

da fir Sh ~
. 2 (5B)

Thewingsof constantliftdistribution,whichareplacedalong
● thetrailingedgeto cancelthepressurediscontinuityexisting
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downstreamofthetrailing
to dcr/da:

edge, make the

NACARM L50G1.2

followingcontribution

db

where b, r*,and (Y+havealreadybeendefinedand

F(b,r*,e*)

[

=~be - tan-1

L
Here,as inthecaseof

.

.. —

.

-.
.-

theintegralusedinevaluatingdownwash,
theintegrs,ndbecomesinfiniteat theupper.-d lowerlimits.Thesme _
artificeisusedhereas isusedinthecaseofthedownwashintegral
andtheintegralis changedto theform __ .-

—

# H1° —.
1

=-- F(b,r*,%)+bF(l,r1,6J1)- (1+b)F(0,ro~60)m -1 i’-- ‘

.

* —

1
[ 1~F(-l,rl,f31)+ F(O,ro,eo)

F(O,ro,eo)and F(-l,rl,~)arethevaluesof F(b,r+$,@$)
=Oand -1,respectively.InthespecialcaseLh = 0, F(b,r*,e*)

where
at b
assumesthespecialform:

F(O,ro,eo)=
R*2

-~sinw

Theactualcomputationproceedsalonglinesthessmeas inthe
caseof downyash.

Correctionstobe AppliedtoLinearizedTheory

Thecalculationsthathavebeendiscussedup tothepresenthave
beenconcernedwiththeestimationofbasicdownwashandsidewashas .
predictedby linearizedtheory.Inthoseinstanceswherelinearized
theoryfailsto explaintheexperimentaldata,certainrefinementshave —

..—~“-
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beenmadetothebasictheoryinan endeavorto explainthedeparture
fromlinearizedtheory,thatis,(1)theeffectof distortionofthe

. vortexsheetand(2)theeffectofthewingthicknesson sidewashhave
beenexamined.

Themethodofmskingsuchcalculationsisdescribedinthe
followingsections.

Methodof applyingcorrectionsfordistortionof vortexsheet.-
k supersonic,as in subsonicflow,thevortexsheetdeformsas it
proceedsdownstreamfromthetrailingedge. Thedistortionofthe
vortexsheetin subsoniccompressibleflowhasbeeninvestigatedby
lhdenandothers.It iscommonpractice,inthissubsoniccase,to
computethedistortionof thevortexfilaentspringingfromthemid-
spanpointof thetrailingedge. It isthenassumedthatsllvortex
filamentsaredeformedinlikemsmner.~ otherwords,thevortexsheet
iscurvedina lengthwisedirectionbutremainsflatacrossitswidth.
Thisassumptionhasprovedvslidenoughinthesubsoniccasebecausein
theconventionalsubsonicconfigurationthetailspanismuchlessthan
thewingspan.Forcaseswherethewingandtailspanssremorenearly
equal,as isthecaseformostsupersonicmissileconfigurations,this. assumptionisno longervalid.Theexsmpleofreferences7 and8 has
~eenfollowedinthispaperinevaluatingthedistortionseparatelyin
eachof severalverticalplanesparallelto thestreamdirection.The.
distortionwithineachplaneisobtainedby calculating,on thebasis
oflinearizedtheory,thedownwashat a numberofpointsalonga line
lyingwithintheplaneandpassingthroughthewingtrailingedgeand
the-slopeofthedistortedsheettsthenassumedat allpointsparallel
to thedirectionofflowdirectionpredictedby linearizedtheory.This
processmaybe expressedin%thematicalformthus:

whereAz istheverticaldisplacementof sheetat a pointa distancex
behindthetrailingedge.

Sidewashresultingfromwingthiclmess.-Linearizedlifting-surface
theorypresupposedthewingtobe infinitelythinandhenceat a = 0°
predictsallsidewashanddownwasheffectstobe entirelyabsent.In
thepracticalcase,however,thefinitethicknessofthewingwill
resultinappreciabledisturbanceto theflowevenat a = OO. An
endeavorhasbeenmadeinthisreporttoanalyzethesidewashflowin
theneighborhoodof thetipoftherectangularwingofthesetests.
at a=OO inorderto ascertainwhetherthisthicknesseffectwould
explaininparttheratherlargesidewashanglesmeasuredintheflow
fieldat a = OO..
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Thetheoreticalcalculationsofthethicknesseffectonthesfde-
.

washfieldat a = 0° consistof firstdeterminingthe.ma~erinvhi~h_-
to distributesourcesoverthewingplanformto simulatetheflowover

—
%“

the6-percent-thick,circular-arcsectionof-thewing,_md then,by
usingthissourcedistribution,to computethesidewashintheneigh-
borhoodofthetip. Iftheflowistofollowthecontourofthewing,
itmayreadilybe shownthat,fora thinwing,theflowatthewing
surfaceisgivenby —

w-=
u ()

2:1.2: c

where

w velocityofUpflow

t/c wingthicknessratio

E,ll coordinates(seefollowingsketch) —

Thesourcedistribution
desiredW/U valuesis

f(!!,n)=

Thisisthedistribution
thecircular-arcwing.

downstreamof go thatwillprovidethe
givenby thefollowingequation:

—-. —

.-

—

.

(:w=-:u:l---

of sourcesrequired

2E ); =@(E)

to stiulatetheflowover
-.

.

—
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T!hepotentialatanypoint P havingthe
canbe obtained”fromtheintegral

coordinates(xjy,z)

37

Theintegrationextendsoverthatpartofthewingsurfacecontained
withinthepertottheMachforeconeopeni~aheadof thepoint.

Performingtheseintegrationsanddifferentiatingpartiallywith
respectto ~ yieldsthefollowingexpressionsfortheratiov/u
(whereV isthesidewashvelocityanditsratioto thefree-stresm
velocityisthetanu). Forthepointlyingoutsidethetrailing-edge
tipconemd withintheleading-edgeti?cone

Forthe

v 2t-=--
u Ycc

L

pointlyinginsidethetrailing-edgetipcone:

x—- 1

Cosh-’‘&w
x 1— I

2
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TABLEI —.

()VIRTICALLOCATIONS: OFEACHOFTHE~ST FOIN’??SFORTHEDOWNWASH

ANDSIDEWASHMEASUFWMENTSREFERREDTOTUNNELCENTERLINE

z/c Pat y~”=

(d% 0.286 0.428 o.5n 0.714 0.857 1.030 1.143 1.286 1.428 1.571

$ chordbehindwingtrailing-edge

0.363 0.363 ::O$; 0.363 0.363 0.367 0.363 0.373 0.373 0.373
0 .002 .002 -.0Q8 -.002 ---L- .012 .007 .010 .008

-.393 -.393 -.393 -.403 -.403 -.407 -.403 -.403 -.400 -.400

.363 .363 .363 .363 .363 .367 .363 .373 .373 .373
3 .002 .002 -.003 -.008 -.002 ----- .012 .007 .010 .008

-.393 -.393 -.393 -.403 -.403 -.40-( -.403 -.403 -.400 -.400

.363 .363 .363 .363 .363 .367 .363 .373 .373 .373
6 .002 .002 -.003 -.008 -.002 ----- .012 .007 .010 .(M8

-.393 -.393 -.393 -.403 -.403 -.407 -.403 -.403 -.400 -.400

.363 .363 .363 .363 .363 .367- .363 .373 .373 .373
10 .002 .002 -.003 -.008 -.0Q2 ----- .012 .007 .010 .008

-.393 -.393 -.393 -.403 -.403 -.407 -.403 -.403 -.400 -.400

l; chordsbehindulngtrailingedge “-

.357 .353 .337 .357 .357 .363 .363 .363 .363

.003-.007-.007 -.007 .007 .007 .007 -.003 -.003 -.003
0 -.378 -.383 -.383 -.383 -.382 -.38(” -.373 -.37’2 -.375 -.372

.357 .353 .357 .357 .357 .363 .363 .363 ,363
3 .003 -.007 -.007 -.007 .007 .007 .c07 -.003 -,003 -.CQ3

-.378 -.383 -.93, -.383 -.382 -.380 -.373 -.372 -.375 -“372

.357 .353 .357 .357 .357 .363; .363 .363 .363
6 .003 -.007 -.0Q7 -.007 .007 .037 .007 -.003 -.003 -,003

-.378 -.383 -.383 -.383 -.382 -.380 -.373 -.372 -.375 -.372

::!: .353 .357 .357 .357 .363 .363 .363 .363
10 -.007 -,007 -.007 .-007 .007 .0Q7, -.0Q3 -.003 -.003

-.378 -.383 -,383 -.383 -.382 -.380 -.373 -.372 -.375 -.372

2$chordsbehindwingtrailingedge
.363 .355 ,363 .383 .379 .409 .416 .416 .426 .426

0 .035 .043 .043 ,ok3 ,047 .045 .046 .039 .049 .039
-.352 -.358 -.358 -.358 -.358 ,-.355 -.355 -.,355 -.355 -.355

.363 .359 .363 .383 .379 .W3 .416 .klk .426 .426
3 .035 .043 .043 .043 .047 .045 .046 .039 .049 .039

-.352 -.358 -.358 -.358 -.358 -“.355 -.355 -.355 .-.355 -.355

.363 .359 .363 .383 .379 .409 .416 .416 .426 .426
6 .035 .043 .043 .043 .047 .045 .046 .03g .049 ..039

-.352 -.358 -.358 -.358 -.353 -.355 -.355 -.355 -.355 -.355
.

.363 .359 .363 .383 .379 .40!3 .416 .416 .426 .426
10 .035 .043 .043 .043 .047 .045 .046 .039 .049 .039

-.352 -.358 -.358 -.358 -.358 -.353 -.355 -.355 -.355 -.355
/
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Figure 2.- Illustrationof wake survey appamtus.
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Figure 4.-Magnifiedsketchofvaneshowl@pn’tinentdimensions.



a, decj
(

,002

.004

.006

.008

a .010
&r
4 .012 I

OrificeIOdiM

.014

.
II

Frmnt view of tube

Figure .5.- Effect of misalinementwith
static needle.

*.1, ,’, ‘, I i“l

-$!’
Sicleview of tube ~

c1
flow directicm on O.OkO-diameter

s

M = 2.41. s
H



. . . .7

~Top surface of tunnel test section
w

- layer by-po5spbte

Visible wakq2.7% chxKJ thlc
at winq T.E., oc=o?

M=2,41 _
T.E. shocks, m = O“

thick at wlnq TE., ~= lo”

Leadlmyedqeshcck,m=lo”
Leading-edge shock ,&=O”

1-130ttom.surfface of tunnel test section
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Figure 6.-Sideviewoftestsectionshowingrelationoftestpointsto
vin.g-trailjng-edgeshock@tternasseenina shadoww?aph.
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Figure15.-Theoreticalda/da end de/davaluesina verticalplane
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